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Background. There is increasing evidence from tuberculosis high-burden settings that exogenous reinfection contributes considerably to recurrent disease. However, large longitudinal studies of endogenous reactivation (relapse) and reinfection tuberculosis are lacking. We hypothesize a relationship between relapse vs reinfection and the time between treatment completion and recurrent disease.
Methods. Population-based retrospective cohort study on all smear-positive tuberculosis cases successfully treated between 1996 and 2008 in a suburban setting in Cape Town, South Africa. Inverse gaussian distributions were fitted to observed annual rates of relapse and reinfection, distinguished by DNA fingerprinting of Mycobacterium tuberculosis strains recultured from diagnostic samples.
Results. Paired DNA fingerprint data were available for 130 (64%) of 203 recurrent smear-positive tuberculosis cases in the 13-year study period. Reinfection accounted for 66 (51%) of 130 recurrent cases overall, 9 (20%) of 44 recurrent cases within the first year, and 57 (66%) of 86 thereafter (P < .001). The relapse rate peaked at 3.93% (95% confidence interval [CI], 2.35%-5.96%) per annum 0.35 (95% CI, .15-.45) years after treatment completion. The reinfection tuberculosis rate peaked at 1.58% (95% CI, .94%-2.46%) per annum 1.20 (95% CI, .55-1.70) years after completion.
Conclusions. To our knowledge, this is the first study of sufficient size and duration using DNA fingerprinting to investigate tuberculosis relapse and reinfection over a lengthy period. Relapse occurred early after treatment completion, whereas reinfection dominated after 1 year and accounted for at least half of recurrent disease. This temporal relationship may explain the high variability in reinfection observed across smaller studies. We speculate that follow-up time in antituberculosis drug trials should take reinfection into account.
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Recurrent tuberculosis after successful treatment constitutes a challenge to tuberculosis control, particularly in populations with a high prevalence and with high rates of human immunodeficiency virus (HIV) coinfection. The question whether recurrent tuberculosis is due predominantly to endogenous reactivation (relapse) or exogenous reinfection has been a subject of debate for decades [1] . Models have suggested that the contribution of reinfection increases with the incidence of tuberculosis and risk of infection in the particular setting [2] [3] [4] .
DNA fingerprint technologies [5] have been used to differentiate between relapse and exogenous reinfection. Reinfection seems to be an important [6, 7] and even major [8, 9] underlying cause of recurrent tuberculosis in highburden settings. However, studies have yielded conflicting evidence, with the proportion of reinfection tuberculosis ranging from 0% to 100% in studies conducted in earlier years (ie, 1993-2001) [10] . At least 2 studies in more recent years concluded that reinfection was not a common cause of disease recurrence in a high-burden setting [11, 12] . Thus, the actual extent to which reinfection contributes to recurrent tuberculosis after successful treatment remains uncertain. There is more consistent evidence that reinfection rather than relapse may explain high rates of disease recurrence observed among individuals coinfected with HIV [13] [14] [15] .
Longitudinal studies of relapse and reinfection tuberculosis in high-burden settings have been limited, because they depend on lengthy follow-up and sample availability. Given that small studies may be subject to sampling bias [16] , large longitudinal studies are needed to better clarify the contribution and timing of relapse and reinfection to recurrent tuberculosis [10, 17] . Better knowledge about the timing of relapse and reinfection may be of value for the design of antituberculosis drug trials, which usually do not take reinfection into account. At least 2 of the current large phase 3 antituberculosis drug trials rely on 24-month posttreatment follow-up for their primary outcome [18, 19] .
We conducted a large longitudinal study in a tuberculosis high-burden setting with known high rates of recurrent disease [20] . Recurrent tuberculosis contributes significantly to the overall burden of tuberculosis in the area, irrespective of its association with HIV [21] . The purpose of our study was to investigate, among successfully treated smear-positive tuberculosis cases, the relationship between the type of recurrence-that is, endogenous reactivation (relapse) or exogenous reinfectionand the time to recurrent smear-positive tuberculosis.
METHODS

Study Setting
The study was conducted in a suburban area in Cape Town, South Africa, covering 3.4 km², with approximately 39 000 inhabitants of low socioeconomic status [22] . The directly observed treatment, short-course (DOTS) strategy [23] was introduced in 2 primary health care clinics in 1996. Treatment was supervised daily by health care staff in the clinics or in the community by trained health care workers. Treatment outcomes were documented according to standard definitions [24] : cure, for patients who were smear negative at or 1 month before the completion of treatment and on ≥1 previous occasion; or treatment completed, for patients who had completed treatment but without proof of cure because smear results were unavailable. The term treatment success includes both cure and treatment completed.
Study Design
The study was nested in a retrospective cohort study [20] conducted among all patients with smear-positive tuberculosis receiving standard first-line treatment documented in the local treatment registers who either successfully completed or defaulted from treatment between 1996 and 2008. The underlying study used routinely collected treatment register data to investigate the frequency of retreatment for smear-positive tuberculosis by previous treatment outcome [20] .
The present study included all patients with smear-positive tuberculosis who successfully completed their index treatment episode (documented cure or treatment completed) and were subsequently treated again for sputum smear-positive tuberculosis. Any recurrent smear-positive treatment episode recorded from the first day after the index treatment episode had been completed was considered, as recommended by Lambert et al [10] . The principal determinant was the type of recurrence (ie, relapse or reinfection), and the main outcome was the time to retreatment for smear-positive tuberculosis.
Ascertainment of Relapse and Reinfection
Sputum samples used for this study were routinely collected from all patients, processed in the routine laboratory, and subsequently transported to the research laboratory for culture and genotypic analysis. Decontaminated samples were cultured in BACTEC460, MGIT 960 or Löwenstein-Jensen medium for DNA extraction [25] . Isolates were classified using the internationally standardized IS6110 DNA fingerprinting method [5] . Each DNA fingerprint was entered into a GelCompar database and analyzed using GelCompar software (version 6.5). For each case included in the study, we identified diagnostic samples collected for both, the index treatment and the recurrent episode. A diagnostic samples was defined as the first chronological sputum sample with a sample date between 2 months before and 2 months after the onset date of the corresponding treatment episode.
Paired DNA fingerprint patterns (ie, from the index and recurrent treatment episodes for the same individual) were compared on the basis of their restriction fragment length polymorphism patterns using UPGMA (Unweighted-pair group method with arithmetic mean) and the Dice coefficient. Relapse was inferred when both patterns either were identical or differed by only 1 or 2 bands, provided that an identical strain pattern was not identified in a sample of another case before the corresponding treatment episode of the patient (implying an intrapatient evolutionary event) [26] . Reinfection was inferred if paired samples did not meet the definition for relapse. Previous studies from this laboratory have shown that laboratory error and cross-contamination were on the order of 2.1% [8, 27] . To investigate the possibility of rifampicin drug resistance at baseline and recurrence, DNA sequencing for rpoB genotype mutation was conducted for all diagnostic samples.
Time to Recurrence
The time to recurrence was defined as the time between the documentedenddateoftheindextreatmentepisodeandthedatewhenthe recurrent treatment episode was recorded. In a few cases with missing dates, the end date was identified via a patient folder search.
Data Analysis
Survival analysis was used to compare the distributions of relapse and reinfection tuberculosis cases over time since treatment completion. The Kolmogorov-Smirnov test was used to test for a difference in the observed distributions. Annual rates of relapse and reinfection tuberculosis were calculated by dividing the number of relapse and reinfection cases by the population at risk at quarterly (3-month) intervals, assuming that the proportion of relapse and reinfection cases observed at each time interval would not differ between recurrent cases with and without ascertained type of recurrence. Inverse gaussian functions [28] were fitted to the observed annual rates to estimate the trends in relapse and reinfection tuberculosis over time. Sensitivity analysis was conducted by including smear-negative/culture-positive recurrent episodes in the analysis.
Ethics Statement
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RESULTS
A total of 2359 cases with an index episode of treatment for smear-positive tuberculosis were recorded in the treatment registers, of whom 1869 (79.2%) were successfully treated (1743 were cured, 126 completed treatment). A recurrent episode of treatment for smear-positive tuberculosis after the index episode was recorded for 203 (10.9%) of 1869 successfully treated cases. Figure 1 illustrates cases included in and excluded from the study. The median time to smear-positive retreatment was 21 months (interquartile range [IQR], 8-48 months). Two of the 203 recurrent cases had been classified as cured/treatment completed at the index treatment episode despite having a positive sputum smear result documented at the end of treatment, but in both cases the smear result was classified as "scanty."
Completeness of Paired DNA Fingerprint Results
For 130 (64%) of the 203 recurrent smear-positive cases, a DNA fingerprint result was available for both the diagnostic sample collected at the index episode and that collected at the recurrent episode ( Table 1) . Availability of both results was associated Figure 1 . Overview of tuberculosis cases included in and excluded from the study.
with the calendar year of treatment completion (P = .03). There was no association between the time to recurrence and availability of both DNA fingerprint results (P = .63). The median time
.1-53.7 months) in recurrent cases with ≥1 result missing (P = .92).
Relapse and Reinfection Tuberculosis
Of the 130 recurrent smear-positive tuberculosis cases with both DNA fingerprint results available, 64 (49%) were relapse cases and 66 (51%) reinfection tuberculosis cases (Table 2) . Reinfection accounted for 9 (20%) of 44 recurrent cases within the first year, and 57 (66%) of 86 recurrent cases thereafter. After >2 years 43 (72%) of 60 recurrent cases were due to reinfection ( Table 2 ). There was a strong association between relapse and earlier recurrence (Kolmogorov-Smirnov test for difference in the observed distributions, P < .001; Figure 2) .
The association between relapse, reinfection, and the time to recurrence remained after the analysis was restricted to cases after cure (66% relapse within 2 years vs 27% later than 2 years; P < .001) and after it was restricted to 82 recurrent cases with a documented HIV-negative test result (59% relapse within 2 years vs 21% later than 2 years; P = .02). Ten of 100 patients with documented HIV-positive tuberculosis had an episode of recurrent smear-positive tuberculosis. DNA fingerprint results were available in 7, of whom 6 had relapse cases. Table 3 compares characteristics between patients with relapse or reinfection tuberculosis and those without recurrent treatment. None of the index episode diagnostic samples and 2 of the 130 recurrent episode samples (1.5%), 1 relapse and 1 reinfection, were found to be positive for rpoB mutation.
Annual Rates of Recurrent Tuberculosis Due to Reinfection and Relapse
The relapse rate peaked at 3.93% (95% confidence interval [CI], 2.35%-5.96%) per annum 0.35 (95% CI, .15-.45) years after completion of treatment, followed by a steady decline (Figure 3) . The reinfection tuberculosis rate peaked at 1.58% (95% CI, .94%-2.46%) per annum 1.20 (95% CI, .55-1.70) years after completion of treatment (Figure 3) . Table 2 summarizes numbers and annual rates of recurrent, relapse and reinfection tuberculosis cases.
Sensitivity Analysis: Smear-Negative, Culture Positive Recurrent Episodes
Including smear-negative/culture-positive recurrent episodes in the analysis did not change the observed association between relapse, reinfection and the time to recurrence. Of 276 recurrent cases confirmed by either smear or culture, 159 (58%) had DNA fingerprint results available for both the index and the recurrent treatment episode. Of these, 82 (52%) were relapse cases, of which 54 (66%) were treated again within 2 years, compared with only 26 (34%) of 77 reinfection cases (P < .001). 
Mixed Strain Infection at the Index Episode
Two different strains of M. tuberculosis were detected at the index episode in 2 of the 130 recurrent cases. At recurrence, both were classified as reinfection according to the study definition. However, for both, the single strain found at the recurrent episode was equal to the underlying strain at the index episode (all rpoB wild-type infections).
DISCUSSION
This is the first longitudinal study of sufficient duration and size to investigate relapse and reinfection in relation to the time to recurrent smear-positive tuberculosis. Relapse occurs predominantly in the first year, whereas reinfection tuberculosis predominates over the subsequent years after successful treatment. The delayed appearance of reinfection tuberculosis is plausible, given that the risk of reinfection is related to the disease burden in the community, and there is a lag-time period between infection and progression to disease. Our results are consistent with findings from the earlier British Medical Research Council trials, which showed that the majority of relapse cases would occur within 6-12 months of treatment [29, 30] , notably without being able to distinguish between relapse and reinfection. Our results are also consistent with those of studies from South Africa [13, 15] and China [31] indicating that relapse predominated in patients with early recurrence, whereas reinfection was associated with longer intervals between tuberculosis episodes.
Our results have implications for studies of relapse and reinfection tuberculosis in high-burden populations. Time-ofobservation bias is likely for retrospective analyses of clinical trials, which usually rely on relatively short follow-up periods, favoring higher proportions of relapse, as observed recently in a large retrospective analysis in Uganda [12] . Furthermore, sampling bias may occur in retrospective studies if the sample of patients was small and not representative of all recurrent cases. Variation in follow-up or observation time and, consecutively, in the time to recurrent tuberculosis may thus serve to explain the high variability in the contribution of relapse and reinfection observed across studies [10] .
Our results have implications for clinical trials. We show that reinfection was the dominant cause of recurrent tuberculosis soon after the first year since treatment completion. Phase 3 antituberculosis drug trial designs may thus benefit from shortening of follow-up time in order to avoid the undesired "contaminating" effect of reinfection tuberculosis. This is in accordance with previous recommendations based on recurrence rates in the earlier British Medical Research Council trials [30, 32] .
We show that, in a high-burden setting, recurrence of smearpositive tuberculosis after treatment success may be due to reinfection in at least half of all recurrent cases. Two prior studies conducted in the area concluded that exogenous reinfection was the major cause of tuberculosis after cure and that the rate of Figure 2 . Kaplan-Meier survival estimates for relapse (n = 64), reinfection tuberculosis (n = 66), and unknown type of recurrence (n = 73) (Kolmogorov-Smirnov test for difference in relapse vs reinfection, P < .001).
reinfection tuberculosis exceeded that of new tuberculosis cases [8, 9] . Both studies were limited by the small number of patients studied, and neither took into account the time to recurrence. Although the overall risk of relapse may be reduced by provision of standardized and supervised treatment, the increased risk of reinfection in high-burden settings exacerbates the burden of recurrent tuberculosis. Thus, successfully treated cases, as well as treatment defaulters [20] , represent an important risk group in tuberculosis high-burden settings, a point worth considering in screening and active case finding strategies.
It remains uncertain to what extent previously treated cases contribute to tuberculosis transmission within communities. den Boon et al [33] reported that previously treated individuals represented more than half of patients with prevalent smearpositive tuberculosis. Both their and our study took place in a community where tuberculosis rates remain constantly high, >10 years after the introduction of the internationally recommended control strategy. The strength of our study is the large sample of recurrent tuberculosis cases, sufficient to study relapse and reinfection tuberculosis in a high-burden setting over a lengthy period.
Our study has limitations. We used a programmatic definition of treatment success on the basis of routinely documented information. The source and availability of data did not enable us to describe clinical and biological mechanisms underlying relapse and reinfection tuberculosis. In particular, we were unable to exclude the possibility of drug resistance beyond rpoB genotype results at treatment initiation or to describe acquisition of drug resistance during treatment as a potential cause of relapse. Both DNA fingerprint results were available in 64% of all recurrent cases-a higher proportion than in earlier studies. Availability was lower in patients treated in earlier years and with lower sputum smear grades, which may relate to the probability of bacteria survival and successful reculturing. We did not observe an association between availability and time between both treatment episodes; it is therefore unlikely that selection bias explains the observed temporal distributions of relapse and reinfection.
Using retreatment probably underestimated true rates of disease recurrence. Some patients with recurrent disease might not have returned for treatment or sought treatment elsewhere, and the population at risk in this study includes those who moved or died. Time to retreatment involves not only the time to recurrent disease but also time to diagnosis and treatment.
The definition of relapse and reinfection was based on comparison of M. tuberculosis DNA fingerprint patterns using restriction fragment length polymorphism analysis, the state of the art method when this study was conducted. More advanced methods, such as whole genome sequencing, may be more powerful for discriminating different strains, but they were beyond the scope of our study. Lower discriminative power may have led to an underestimation of reinfection but is unlikely to explain the observed temporal distributions.
Although strain diversity is known to be high in this area [34] , individuals may have been reinfected within clusters of the same strain, for example, after being repeatedly exposed in the household or in social networks. Conversely, mixed-strain infections [35, 36] may have led to misclassification: Rather than reinfection, a selection process of the underlying strain may have led to recurrent disease in individuals with mixedstrain infection, particularly if the underlying strain was drug resistant.
We conducted our study in a setting where HIV coinfection is less common than in other high-burden settings. Low numbers of coinfected patients with recurrent tuberculosis precluded any rate estimates for this subgroup. Settings with more frequent HIV coinfection may have higher overall rates of reinfection [15, 37, 38] and shorter time to relapse and reinfection. Furthermore, the frequency and timing of reinfection tuberculosis may vary across settings with a high vs low annual risk of infection.
Future research should serve to improve our understanding of programmatic and individual risk factors for relapse and reinfection tuberculosis. A more comprehensive model of strain persistence and repeated infections that takes into account mechanisms such as treatment adherence, mixed infections, and acquisition of drug resistance would be valuable. Reducing relapse and reinfection tuberculosis may be an important means of reducing the overall tuberculosis burden in high-prevalence settings. 
Notes
